Heterogeneity analysis of conventional data, such as geophysical log data, has been still limited to the application of near-wellbore zone, which makes it difficult to optimize the hydraulic fracturing design and may render suboptimal performance. However, the fluctuation of multi-stage pumping data, manifesting nonlinear behavior of physical properties with shale reservoir during hydraulic fractures propagation stage, is usually ignored. In this study, the empirical mode decomposition technique (EMDT) was introduced and applied to the multi-stage pumping data to determine the respective Intrinsic Mode Functions (IMF). By using a relationship between the IMF number and its mean wavenumber, the heterogeneity index associated with far-wellbore shale reservoir was determined. The results indicate that the heterogeneity index from multi-stage pumping data is good coincided with the effective stimulation reservoir volume (ESRV) obtained from micro-seismic events. Not only that, but it also reveals that there is a strong correlation of heterogeneity index, IMF number, ESRV, and degree of heterogeneity within shale reservoir. This work has demonstrated that heterogeneity index analysis combined with EMDT has been significantly important and essential to quantify the degree of heterogeneity within far-wellbore shale reservoir from multi-stage pumping data, which contributes to optimizing the hydraulic fracturing design and improving good optimal performance.
Introduction
The hydraulic fracturing technique is widely used to improve economic production from shale gas resources. Generally, many strategies of hydraulic fracturing are planned prior to any hydraulic fracturing operation to ensure its effectiveness. However, by comparison, hydraulic fracturing requires much more analysis for many optimal designs in heterogeneous shale reservoir [1] [2] [3] [4] . It is the fact that because the deposition, diagenesis and tectonic effects of forming the shale reservoir varies, heterogeneity can be considered as the variation of rock properties as a function of their spatial locations [5] . They may vary dramatically to affect the hydraulic fracturing performance in heterogeneous reservoir [6] . In order to overcome technique and operation challenges related to hydraulic fracturing, many approaches are used to provide deep insight into the hydraulic fracturing performance.
Initially, many single parameters were respectively used to characterize the reservoir heterogeneity, such as the Coefficient of Variation (CV) and the permeability ratio, from rock core scale or pore scale in the laboratory [7] [8] [9] [10] [11] [12] . However, there are some problems that these parameters are only described heterogeneity from one side, and it is difficult to be the general application of reservoir scale. Meanwhile, some statistical hypotheses of rock properties, such as Weibull distribution [13, 14] and Normal distribution [15] , can also be used to represent the reservoir heterogeneity in the numerical simulation. There is an undeniable fact that these methods contribute to improving deep insight into quantifying the reservoir heterogeneity. Nevertheless, it is a difficulty that these statistical hypotheses may be applied to address the engineering problems. Subsequently, many methods were introduced to quantify the reservoir heterogeneity based on the geophysical log data, such as the Lorentz coefficient [16] , fractal or multifractal [17] [18] [19] [20] [21] , the Empirical mode decomposition technique (EMDT) [22] and the Hilbert spectral analysis (HAS) [23] [24] [25] . Moreover, some comprehensive characterization methods considering multiple factors were also proposed to quantify the reservoir heterogeneity [12] . Nonetheless, limited by the detection range (different scale) of the geo- physical instrument, there are still some bad applications, especially for far-wellbore shale reservoir away from detection range of conventional methods. Not only that, hydraulic fracturing curve linked with hydraulic fractures propagation range can exhibit subsurface information in the reservoir scale, which can help engineers to real-time master some formation properties of far-wellbore shale reservoir during hydraulic fracturing. The detection range (different scale) of different measuring methods are shown in Figure 1 .
Experimental analysis and geophysical log data analysis are self-evident for optimizing hydraulic fracturing strategies, whereas some other data should also be focused on heterogeneity analysis of shale reservoir after hy-draulic fracturing, which is extremely significant for the development of adjacent shale reservoir. In recent years, production data have been used to describe the reservoir heterogeneity [1, 6] . What's more, the pressure pulses, named as the water hammer signatures, frequently generated by pump shutoff or valve closure after a hydraulic fracture treatment have also been used to diagnose hydraulic fractures networks [26, 27] . Notably, when hydraulic fractures are propagating to the extent far-wellbore reservoir, the pressure changes of multi-stage pumping data within hydraulic fracturing can be observed and recorded [28] . In essence, the pressure changes of hydraulic fracture propagation stage can manifest the nonlinear behavior of physical properties within the shale reservoir, as shown in Figure 2. However, these abundant field data is usually ignored, which can be considered as the valuable wealth for evaluating reservoir heterogeneity due to its available at no additional cost.
The EMDT, a suitable data-adaptive technique, was first established by N. E. Huang et al. [29] to analyze nonlinear and non-stationary data [23] at the end of the 20th century. And then, it was also combined with the Hilbert spectrum analysis method to constitute Hilbert-Huang transform (HHT), named by the National Aeronautics and Space Administration (NASA). The major advantage of EMDT, as the key part of HHT, is that the decomposition of any complicated signal can easily be operated, which is fully data adaptive. Gaci and Zaourar [22] proposed a method to perform heterogeneity analysis from geophysical logging data. And then, Gairola and Chandrasekhar [24] improved the heterogeneous method of geophysical logging by using EMDT combined with Hilbert spectrum analysis. The several applications of EMDT have found in a variety of specializations in geophysics, such as sequence stratigraphy, seismics, atmospheric sciences [25] . Not only but, it has been expanded into fault detection of mechanical devices, financial data and medical science [23] . However, application of the EMDT is rarely reported in hydraulic fracturing field. To this end, the EMDT was introduced and applied to multi-stage pumping data to evaluate heterogeneity degree within the shale reservoir by using the superiority of EMDT.
The main aim of the present study is the demonstration of the heterogeneity analysis of shale reservoir based on multi-pumping data. Firstly, the multi-stage pumping data manifesting nonlinear behavior of physical properties with shale reservoir were selected and considered as the original signal. And then, the empirical mode decomposition technique (EMDT) was introduced and applied to the multi-stage pumping data to determine the respective Intrinsic Mode Functions (IMF). At last, by using a fitting relationship between the IMF number and its mean wavenumber, the heterogeneity index associated with farwellbore shale reservoir was determined. The organization of this work is as follows. Section 2 briefly introduces the basic theory and procedures of EMDT and heterogeneity index analysis. Section 3 describes the application of EMDT and heterogeneity index analysis to multi-stage pumping data considered for the present study. Section 4 provides the results and discussion, which can provide insights in heterogeneity analysis of shale reservoir and Section 5 summarizes the main conclusions of the present study.
Methods
To get the utmost out of these abundant field data, the pressure changes of fracture propagation were selected to quantify the degree of heterogeneity within shale reservoir, which can also be considered as the original signal of farwellbore shale reservoir. The complete method and procedure can be summarized, as shown in Figure 3 .
Empirical Mode Decomposition Technique (EMDT)
The EMDT is used to decomposition of different frequency components of the original signal (from highest to lowest), namely Intrinsic Mode Functions (IMF) without the need of a priori basis as Fourier and wavelet-based methods do [29, 30] , until the signal becomes monotonic, which is named residue and represents the overall trend of the original signal. The operating procedure of EMDT is as follows [24] :
Step 1: Determine the local maxima and minima of the original signal (say, x(s)), where t represents the hydraulic fracturing time.
Step 2: Use the cubic spline to process the local maxima and minima to obtain the upper envelope and lower envelope and calculate its mean, m 1 .
Step 3: Calculate the first proto-mode, named as x 1 , given by the Equation (1).
Step 4: If the new extrema are contained in the first promode (x 1 ), it should be considered as the signal and steps 1-3 should be repeated to obtain the new first proto-mode, named as x 11 , calculated by using the Equation (2).
This procedure is repeated up to 'k' iterations, after which the first 'k' proto-mode (x 1k ) is given by the Equation (3).
In the present study, it is considered as the stop criterion for these iterations that the normalized squared difference between two successive sifting operations is given by the Equation (4).
Where N represents the number of data points, theoretically, the stopping criterion, SD k means that the sifting process stops only if (a) the number of local extrema and the number of zerocrossings must be equal or differ at most by one in the entire signal and (b) at any time point, the mean value of two envelopes (upper envelope and lower envelope) is zero for the entire signal. In this study, SD k ≤ 0.1 was selected as the stopping criterion to determine the first IMF (IMF 1 (s)). This implies that after 'k' iterations, once the stopping criterion is satisfied, then x 1k is properly considered as the first IMF, which represents the highest frequency.
Step 5: To identify the second IMF (IMF 2 (s)), calculate the residue (r 1 (s)) by subtracting the first IMF (IMF 1 (s)) from the original signal (x(s)) and consider the residue (r 1 (s)) as a new signal and repeat preceding steps (steps 1-4). It is important to note that the frequency of the second IMF (IMF 2 (s)) will be lower than that of the first IMF (IMF 1 (s)).
Step 6: As the described steps 1-5, the entire decomposition process should be over only if (a) all IMFs are determined and (b) the residue (rn(s)) becomes the monotonic function, where no more IMF can be decomposed from the data. What's more, it is noticed that all the estimated IMF can be synthesized to reconstitute the original signal, which is calculated by the Equation (5).
Heterogeneity Index Analysis
The previous studies have shown that the IMF number generated from a larger heterogeneous system are more than those from the smaller heterogeneous system [24] . However, heterogeneity index analysis can quantify the qualitative observations made through IMF number by using EMDT acted as a filter bank and provides a quantitative estimate of the degree of heterogeneity in the shale reservoir.
The three-step procedure to determine the heterogeneity index is as follows.
Step 1: For each IMF, the IMF can be characterized by the mean wavenumber (km), which is calculated by the Equation (6) as an energy weighted mean wavenumber [22] .
Where Sm(k) is the Fourier spectrum of m th IMF.
Step 2: For a given IMF, the plot can be drawn by the fitting relationship between the IMF number, m and logarithm km. The mean wavenumber km is inversely proportional to the IMF number m, as is depicted by the Equations (7) and (8) [22] .
Where log k 0 and log ρ are the intercept and slope of the straight line fitting the log(km) vs. m graph, respectively. So, the ρ value can be calculated from the antilogarithm of the slope of the straight fitting line.
Step 3: Indeed, the ρ value is connected with the number of scales needed to decompose the original signal using EMDT. Meanwhile, there also exists an inverse relationship between the heterogeneity degree and the estimated ρ value, namely smaller ρ values mean higher heterogeneity degree of shale reservoir and vice-versa [22, 24] . Interestingly, it can also be noticed that the expected ρ value is hovering around 2 by using the EMDT acted as a dyadic filter bank in the wavenumber domain, as shown by applications on stochastic simulations of fractional Gaussian noise and white noise [25] . Hence, the estimated ρ value can be used as a global measure of the complexity of the original signal.
Application of EMDT and Heterogeneity Index Analysis to Multi-Stage Pumping Data

EMD of multi-stage pumping data
The major shale reservoirs in the study area are buried in the Longmaxi Formation of the Weiyuan block, Sichuan Basin, China. The hydraulic fracturing was operated in the depth of 1,705~2,750m of a shale gas well, Wei XXX-H1, whose horizontal segment length is of about 1,045m. The multi-stage plug-and-perf technology planned by 11 stages was operated for forming the large effective stimulated reservoir volume (ESRV) with complex fracture networks. The multi-stage pumping data were selected from the hydraulic fracturing curve, as shown in Figure 4 . The EMDT was applied to the multi-stage pumping data for evaluating the shale reservoir heterogeneity. To explicate the evaluation procedure, the Stage 5 and Stage 7 were taken as examples, respectively. The EMDT produced 11 IMFs and a residue for Stage 5 ( Figure 5 ) and 9 IMFs and a residue for Stage 7 (Figure 6 ).
The reconstructed signals, given by synthesizing all the IMF and the residue of pumping data decomposed by the original signals with the extremely small error of the order of about 10 −14 between the original and synthesized signals, as shown in Figure 7 .
Heterogeneity index analysis for shale reservoir using IMFs
The IMFs decomposed from the EMD of original pumping data were performed to calculate the mean wavenumber (km) by the Fast Fourier Transform. As explained above, the heterogeneity index analysis provides a quantitative estimated with the degree of heterogeneity in the shale reservoir. Figure 8 depicts the graph drawn between the logarithm of mean wavenumber of each IMF and the IMF number, plotted for Stage 5 (Figure 8 
Results
Heterogeneity index of multi-stage pumping data
As the above procedures (see Section 3), the heterogeneity index of multi-stage pumping data were obtained and listed in Table 1 , where '±' symbol represents the 95% confidence intervals.
Results verification
Based on the above heterogeneity index analysis, the results are verified by checking the micro-seismic events of different fracturing stages. Firstly, it can be observed that complex networks distribution of multi-stages is extremely different, which looks like a 'scorpion' as shown in Figure 9(a) . Meanwhile, Figure 9 (b) indicates that the microseismic events of 'heel' (Stage 11) of the horizontal well is more than those of 'toe' (Stage 1) of the horizontal well. To further analyze the difference of multi-stage, the fracture dimensions of hydraulic fractures are quantified and characterized by a statistical method. Table 2 summarized the statistical data of multi-stage hydraulic fracturing from micro-seismic events. It can also be noticed that there are differences in the effective stimulated reservoir volume (ESRV) of multi-stage hydraulic fracturing, where the ESRV of Stage 8 is the largest and the Stage 1 is the smallest. Therefore, it clearly illustrates that there exists the heterogeneity of far-wellbore shale reservoir.
To verify the validity of heterogeneity index as an indicator of the heterogeneity degree, the CV is also used to estimate heterogeneity degree, named as the ratio of the standard deviation to the mean, which is usually a statis- tic to measure the degree of variation in the data. Generally, the smaller CV contributes to obtaining more complex networks. Meanwhile, it is noted that the probability of forming complex networks is the lower in the more degree of heterogeneity within the shale reservoir. In other words, the CV is negative with ESRV with complex networks, whereas the heterogeneity index (ρ) is a positive correlation with ESRV with complex networks. As shown in Figure 10 , the matching rate of the multistage sort is only 63.64% between CV and ESRV, where there exists abnormal change in Stage 1, Stage6, Stage 9 and Stage 11. However, the matching rate reaches 81.82% between ESRV and heterogeneity index, where there exists abnormal change in Stage 4 and Stage 3. It can be seen that the matching ratio between the heterogeneity index and ESRV improves about 20% compared with that between CV and ESRV. In addition, the relative trend of multi-stage with heterogeneity index is highly similar to that of ESRV in Figure 10 .
Number of Stages
Theoretically, the heterogeneity index of Stage 4 (ρ = 1.4785 ± 0.0739) is smaller than that of Stage 1 (ρ = 1.5473 ± 0.0774), the degree of heterogeneity within the fourth stage should be more than that of Stage 1. However, it can be observed that there exists a sudden drop at the close to 90 minutes of the original signal within Stage 4, as described in Figure 4 . In fact, there are a small number of natural fractures acted as the channel where fracturing fluid flow. In essence, it can be the reason why the ESRV of Stage 4 indicates larger than that of Stage 1.
What's more, it can be observed that the distribution of micro-seismic events within Stage 2 is relatively dispersed and overlap with that of Stage 2, which clearly shows the impact of inter-stage stress interference or stress shadow effect from Figure 9 . In other words, hydraulic treatment of Stage 2 has significant effects on the stress field of Stage 3, which can promote the inter-connection with hydraulic fractures of Stage 3. Hence, the reason lies behind the ESRV of the third stage is larger than that of Stage 11 is inter-stage stress interference or stress shadow effect.
Discussion
To reduce the regional limitations of heterogeneity index as an indicator of heterogeneity degree within shale reservoir, another shale gas well, Ning HX-X located about 250 km away from Wei XXX-HX, is also selected to further generalize heterogeneity index. some studies indicate that the bigger Lorentz coefficient can be regarded as a proxy of the more heterogeneous reservoir. Therefore, the Lorentz coefficient is also used to evaluate heterogeneity degree of shale reservoir.
As shown in Figure 11 , the relative order of 12 stages estimated by heterogeneity index is the same as ESRV with complex networks, whereas normal fracturing stages estimated by CV and Lorentz coefficient have 9 stages and 7 stages, respectively. The abnormal fracturing stages are also marked by black color in Figure 11 . Compared with CV with 60% matching ratio and Lorentz coefficient with 46.67% matching ratio, the matching ratio of heterogeneity index reaches 80%, which highlights the higher superiority. Meanwhile, the relative trend of heterogeneity index is highly similar to that of ESRV, while the other two methods roughly exhibit reverse trend with ESRV in Figure 11 . In addition, some explanations can also help to further reveal deep insight of heterogeneity index as a proxy of heterogeneity degree within shale reservoir from multistage pumping data.
On the one hand, Figure 4 depicts that the fracture propagation pressure of first six stages is more than that of the last five stages, which is in good agreement with the order of heterogeneity index shown in Figure 10 . Meanwhile, it can also be observed that the fracture propagation pressure of Stage 5 is more than that of Stage 7, which is consistent with Figure 8 . There are differences in the fracture propagation pressure within multi-stage hydraulic fracturing, which implies there can be differences in the heterogeneity of shale reservoir. Not only that, the overall hetero-geneity index of multi-stage is also statistically analyzed. As shown in Figure 12 , the distribution of overall heterogeneity index ranges from 1.2 to 2.7, which is mainly distributed in 2.1~2.4, with counts of 5 and a frequency of 45.45%. Meanwhile, the average of the Weibull distribution is much closer to the central position of the main distribution ranges compared with the Normal distribution. Therefore, the overall distribution of heterogeneity index within multi-stage is more consistent with the Weibull distribution, which can contribute to assuming the variation of some parameters follow the Normal distribution or Weibull distribution in the numerical simulation [31] [32] [33] [34] [35] .
On the other hand, it is a general understanding that the IMF number generated from a larger heterogeneous system are more than those from the smaller heterogeneous system [24] . An intercomparison of such informa- tion between Stage 5 and Stage 7 facilitates to correctly assess their heterogeneity index. Figure 10 illustrates that the heterogeneity index of Stage 5 is less than that of Stage 7 and the frequency of Figure 5 is much higher than that of Figure 6 , such as IMF 1. Moreover, the EMDT as the filtering bank can obtain the fluctuation of high frequency, which can also reflect the degree of heterogeneity [36, 37] . By contrast, the fluctuation of high frequency in Figure 5 is more frequently than that of high frequency in Figure 6 . This implies the degree of heterogeneity in Stage 5 is more than that in Stage 7, which is in good agreement with the relation that the IMF number of Figure 5 is more than that of Figure 6 [24] . Simultaneously, it can also be observed that the heterogeneity index (ρ) of the shale reservoir is a negative correlation with the IMF number, as shown in Figure 13 [22, 24, 37] . Figure 14 systematically summarizes the relationship of these parameters to help further understanding. There are some correlations between the three parameters (IMF number, Heterogeneity index and ESRV) and heterogeneity degree. At the same time, the three parameters also affect each other. There is a positive correlation between the IMF number and heterogeneity degree, while the other two parameters suggest the reverse relation with heterogeneity degree. Not only that, both the higher heterogeneity index and the lower IMF number contribute to obtaining the higher ESRV.
Conversely, due to the reverse relation between heterogeneity index and heterogeneity degree, there is also the negative correlation between the heterogeneity index and IMF number decomposed by the EMDT. In essence, the heterogeneity degree can be regarded as a bridge that both IMF number and heterogeneity are linked with ESRV.
However, this does not mean that both IMF number and ESRV can be used to evaluate the degree of heterogeneity within the shale reservoir. If the heterogeneity index is ignored, when equal IMF number are generated by EMDT, as the present Stage 5 and Stage 6 of Figure 13 , it becomes difficult to determine, which Stage is more heterogeneous than the other [24, 37] . Similarly, the inter-stage stress interference can also disturb the results of ESRV. Therefore, the heterogeneity index can be a relative reliable evaluated indicator for determining the degree of heterogeneity within the shale reservoir. On the whole, it is quite worthwhile that the application of EMDT and HIA to multi-stage pumping data to improve the heterogeneity analysis of farwellbore shale reservoir.
In addition, heterogeneity index as an indicator of heterogeneity degree within shale reservoir from multi-stage pumping data has some advantages compared with conventional evaluated methods based on core experiment and geophysical logging data: (1) abundant data source or database are based on hydraulic fracturing and (2) no additional measurement tools can reduce completion cost and (3) the evaluated method is easy and quick to operate for field engineers.
Conclusions
In this paper, use of the empirical mode decomposition technique reveals the intrinsic property of shale reservoir from multi-stage pumping data and heterogeneity index analysis are responsible for quantifying the degree of heterogeneity within shale reservoir, especially for farwellbore shale reservoir. The heterogeneity analysis was studied according to multi-stage pumping data of a shale gas well, Wei XXX-H1, using the aforementioned methods. From the results of this study, there are some conclusions drawn that:
1. The multi-stage pumping data provides its worthiness over the other conventional geophysical log data and rock core analysis in unraveling the degree of heterogeneity within the far-wellbore shale reservoir. 2. Heterogeneity analysis results of multi-stage pumping data are in good agreement with ESRV derived from micro-seismic events and confirm that there is a positive correlation between the heterogeneity index and ESRV. 3. There is a negative correlation between the heterogeneity index and IMF number decomposed by the EMDT, whereas it is a positive correlation between the degree of heterogeneity within the shale reservoir and IMF number. 4. The combined EMDT and the heterogeneity index analysis have been significantly important and essential to quantify the degree of heterogeneity within far-wellbore shale reservoir.
Indeed, the universality of our methods can be affected and degraded by some uncertainties of shale gas development. However, it can still provide some engineering values for evaluating heterogeneity of shale reservoir. Therefore, heterogeneity index combined with abundant geological characteristics can contribute to further improving deep understanding of heterogeneity within shale reservoir in the future study.
